Single-phased, single-oriented thin films of Mn-doped ZnAs-based diluted magnetic semiconductor (DMS) Ba 1−x K x (Zn 1−y Mn y ) 2 As 2 (x = 0.03, 0.08; y = 0.15) have been deposited on Si, SrTiO 3 , LaAlO 3 , (La,Sr)(Al,Ta)O 3 , and MgAl 2 O 4 substrates, respectively. Utilizing a combined synthesis and characterization system excluding the air and further optimizing the deposition parameters, high-quality thin films could be obtained and be measured showing that they can keep inactive-in-air up to more than 90 hours characterized by electrical transport measurements. In comparison with films of x = 0.03 which possess relatively higher resistivity, weaker magnetic performances, and larger energy gap, thin films of x = 0.08 show better electrical and magnetic performances. Strong magnetic anisotropy was found in films of x = 0.08 grown on (La,Sr)(Al,Ta)O 3 substrate with their magnetic polarization aligned almost solely on the film growth direction.
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PACS numbers: 68.55.ag, 75.50.Pp, 75.70.Ak, 81.15.Gg Keywords: magnetic semiconductor, semiconductor film, magnetic properties of thin film, pulsed laser ablation deposition Diluted magnetic semiconductor (DMS) thin films 1-3 attracted much attentions in the past several decades since semiconductors possessing intrinsic ferromagnetic properties not only can integrate different functionalities, such as electric, magnetic, and optic properties, into one device; but also may lead to new findings in physics as well.
3 However, some issues have to be tackled and solved before the real applications of DMS materials, especially Curie temperature T c which is still far below the room temperature. In this respect, as a result of 20 years heavy investigation, record T c of (Ga,Mn)As film has been boosted from the initial 75 K 1 to ∼185 K until now. 4 Very recently Mn-doped ZnAs-based DMS materials 5, 6 emerged, providing an alternative to study on new DMS thin films possessing better properties, especially under the circumstances that preliminary evidences in the bulk reported possible T c up to 230 K 7 . In this paper we deposited and studied the properties of the Ba 1−x K x (Zn 1−y Mn y ) 2 As 2 (BKZMA) (x = 0.03, 0.08; y = 0.15) DMS films for the first time. Over 320 films have been studied. Since the new ZnAs-based materials in polycrystal form are metastable and deteriorate slowly in air, 8 we developed a combined system which enables the whole process of pulsed laser deposition (PLD), X-ray diffraction (XRD), electrode metal deposition, ultrasonic wire bonding, and low-temperature electrical transport measurement all performed in an environment protected which excludes the air. The system is fulfilled with 1 atm nitrogen with trace water and oxygen contaminations maintained incessantly less than 1×10 −7 each. The PLD chamber can be pumped down from 1 atm to 8.5×10 −7 Pa. Sintered bulk a) Electronic mail: Author to whom correspondence should be addressed. lxcao@iphy.ac.cn composite of 15 mm in diameter and with nominal formula Ba 0.7 K 0.4 (Zn 0.85 Mn 0.15 ) 2 As 2 was used as target, which was irradiated by a scanned KrF excimer laser beam with power, repetition rate, and focused beam size of 240 mJ, 2 Hz, and ∼3 mm 2 , respectively. The films were deposited at around 540
• C on (001)-oriented Si, SrTiO 3 (STO), LaAlO 3 (LAO), (La,Sr)(Al,Ta)O 3 (LSAT), and MgAl 2 O 4 (MAO) substrates, respectively. After pumping down to the background pressure of ∼1×10 −6 Pa, during deposition the chamber was either filled in with argon gas of ∼5 Pa or was kept pumping. The distance between the target and substrate (d) was from 25 mm to 35 mm. Besides characterized by in-situ XRD and low-temperature electrical transport measurement, some films were also characterized by ex -situ XRD, energy dispersive analysis of X-ray (EDAX), low-temperature magnetic measurement, and X-ray reflectivity (XRR) measurement performed at BL14B1 station of Shanghai Synchrotron Radiation Facility (SSRF) and 1W1A station of Beijing Synchrotron Radiation Facility (BSRF).
Study on BKZMA films faces 2 main technical problems, (1) relatively low Potassium composition could be reached in the deposited films, compared to their bulk target counterparts, because of low melting point and thus high gas pressure of Potassium; (2) short lifetimes of the films. The DMS bulk materials including BKZMA deteriorate slowly in air 8 , and the polycrystalline films with large surface survive even much shorter than their bulk counterparts. In the very beginning of our study, although the deposited films were observed by naked eyes homogeneous and shinning grey when they were in the protected environment excluding the air, however, such shinning grey surfaces evanesced very quickly in a time scale of around 1-5 seconds when taking the film samples out of the protected environment. Such films were found not single-oriented although they were single-phased, measured by our in-situ XRD as shown in Fig. 1(a) for one example. The integrated intensities counts of the (103)-and (004)-diffraction peaks are 826 and 7720, respectively; corresponding to 0.8% and 99.2% volume fractions of (103)-and (001)-oriented grains in the films, respectively. 9 The reasons of the short lifetime of the films might be that grain boundaries among different orientated grains might help quicker diffusions into the film by the water and oxygen molecules which react with the BKZMA grains. By carefully optimizing the deposition parameters as will be given below, the shinning surfaces did not change after exposing the films in air for more than 7 days. The key parameter responsible for eliminating the minor volume fraction of (103)-oriented grains is deposition temperature, which was optimized at 540
• C finally. Furthermore, we noticed that deposition pressure (P) and target-substrate distance (d) determine the Potassium composition of the films, i.e., the higher the pressure and the smaller the distance, the higher the Potassium composition; the lower the pressure and the larger the distance, the lower the Potassium composition. Helped by the EDAX (results not shown), we found that Potassium composition x can be fixed at 0.08 when P = 5 Pa and d = 25 mm, while x = 0.03 when P < 1×10 −5 Pa (pumping during deposition) and d = 35 mm. As some examples, films of x = 0.03 grown on LAST, STO, and LAO were measured not only by in-situ but also by ex -situ XRD, as shown in Fig. 1(b)-(d) ; while films of x = 0.08 grown on Si and MAO were measured by in-situ XRD, as shown in Fig.  1(e)-(f) . The c-axis lattice constants of x = 0.03 films calculated from Fig. 1(b) -(d) are 13.46±0.01Å, while that of x = 0.08 films from Fig. 1(a) and Fig. 1(e) -(f) are 13.41±0.01Å; which means higher Potassium concentration leading to c-axis lattice shrinkage. Note, the lattice constants of substrate single-crystals were used as inner standard when calculating the constants of films.
In order to further characterize the stability of such high-quality, single-oriented films, the resistance versus temperature of 5 randomly-selected films were measured after exposing them in air for every certain period of time, each period lasting from every 2 hours up to several 10 hours. The measured curves (not shown) were found almost the same up to ∼90 hours in comparison with the one measured initially without air exposure. For electrical response of the films, low-temperature resistivities of the films with Potassium composition x = 0.03 and 0.08, grown on STO, LSAT, and LAO substrates, respectively, were measured in-situ, as shown in Fig. 2 . It is obvious that higher doping of Potassium leads to more carriers and therefore lower resistivity, roughly 1-2 orders of differences among 2 bunches of curves, c.f., Fig. 2 . The energy gaps fitted in the temperature range close to room temperature (from 300 K down to ∼150 K) via the thermal activation function 10,11 ρ ∝ exp(E g /2k B T ) are 50 eV, 42 eV, and 42 eV for x = 0.03 films on STO, LSAT, and LAO, respectively; as well as 27 eV, 32 eV, and 22 eV for x = 0.08 films correspondingly. The results show that the more the introduction of the carriers into the films, the smaller the energy gap opening. It should be noted that, (1) when temperature goes down from 300 K to 2 K, the bulk polycrystals show almost equal values in resistivity 6 , while our thin films show 2-3 orders of resistivity change; (2) in comparison with the bulk polycrystals 6 , thin films possess resistivity ∼2 orders less at 300 K than those of bulk polycrystals; while their resistivities are almost the same at 2 K. These may suggest that the new ZnAs-based DMS materials are highly anisotropic in electrical transport properties.
As for magnetic performances of the Diluted magnetic semiconductor (DMS) films (the measured mass quantity is 6.3×10 −6 grams for example, for a DMS film 100 nm thick and 4×4 mm 2 large), it is a challenging task to characterize them precisely, considering magnetic contributions from the beneath ∼1 mm thick substrates. The oxide dielectric crystals possess at least intrinsic diamagnetic responses as well as paramagnetic responses originating from tiny amount of impurities even down to ppm level. 12, 13 In Fig. 3(a)-(b) , one x = 0.08 film grown on LSAT were measured under magnetic field of 500 Oe; while in Fig. (c) , one LSAT substrate was measured, too. Correspondingly the signals originating solely from the film deduced from the above data are reproduced in Fig. 3(d) -(e). It can be seen easily that, (1) the film is highly magnetic anisotropic with its magnetic polarization aligned almost entirely along c-axis of the film; (2) the magnetic responses as function of temperature measured under field cooling (FC) and zero field cooling (ZFC) deviate from each other at ∼250 K, which may suggest a magnetic transition there; 7 (3) the M-T curve under ZFC along c-axis of the film (Fig. 3(d) ) slightly goes down when temperature smaller than ∼160 K, which may be an indication of existence of spin glass 11 . And therefore the film might be phase-seperated with spin glass as well as DMS phase all inside. Our present study on the thin films is consistent with the previous one on the bulks. 6 For example, as shown in Fig. 3B and Table 1 of Ref. 6 , for a Ba 0.8 K 0.2 (Zn 0.9 Mn 0.1 ) 2 As 2 bulk sample, the Tc of which is 135 K, the ferromagnetic order is not fully developed in the entire volume of the bulk above 20 K up till 135 K.
Our experimental results reveal 2 important points of the study on new DMS materials: (1) Both the electrical and magnetic transport measurements reveal the strong anisotropy in the films. (2) Further studies should be focused not only on boosting the ferromagnetic transition temperature but also on enhancing the ferromagnetic orderings in the DMS.
The magnetization curves of the same film sample and also the LSAT substrate were measured at 2 K, as shown in Fig. 4 . It can be seen that saturation magnetization M s , remanent magnetization M r , and coercivity H c are 1.50 µ B /Mn, 0.15 µ B /Mn, and 400 
